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The nucleotide sequence of the genes 2 and 3 of the Drosophila rhabdovirus sigma was determined from cDNAs to viral
genome and poly(A)/ mRNAs. Gene 2 comprises 1032 nucleotides and contains a long ORF encoding a molecular weight
35,208 polypeptide present in infected cells and in virions which migrates in SDS–PAGE as a doublet of Mr about 60 kDa.
The distribution of acidic charges as well as the electrophoretic properties of the protein are characteristic of the rhabdovirus
P proteins. Gene 3 comprises 923 nucleotides and contains a long ORF capable of coding a polypeptide of 298 amino acids
of MW 33,790. The putative protein (PP3) is similar in size to a minor component of the virions. Computer analysis shows
that the sequence of PP3 contains three motifs related to the conserved motifs of reverse transcriptases. q 1995 Academic
Press, Inc.
INTRODUCTION ucts with those of other rhabdoviruses (Teninges and
Bras-Herreng, 1987; Teninges et al., 1993; Bras et al.,
The sigma virus of Drosophila is an enveloped virus
1994). The gene order is 3* N-2-3-M-G-L 5*. Additional
with an unsegmented RNA genome of negative polarity. It
genes of still unknown function are interposed between
has the characteristic bullet shape of the Rhabdoviridae G and L in the genomes of some other rhabdoviruses
family. Sigma virus strains isolated from nature produce such as the fish virus IHNV (Kurath et al., 1985), the Flan-
no other disease than a paralysis following exposure to ders avian virus (Boyd and Whitaker-Dowling, 1988), the
high concentrations of CO2 , a condition used in labora- bovine viruses with insect vectors BEFV (Walker et al.,
tories to anesthetize insects but which is encountered 1992), and ARV (Wang et al., 1994). In the genome of the
rarely under natural conditions. The CO2 sensitivity symp- phytorhabdovirus SYNV an additional gene named sc4,
tom is correlated with the infection of the central nervous coding for a membrane-associated protein of unknown
system and persists throughout the life of infected flies function, maps between the P and M genes (Heaton et
(reviewed in Brun and Plus, 1980; Teninges et al., 1980). al., 1989; Scholthof et al., 1994). A similar genomic organi-
This virus is transmitted vertically in Drosophila fly popu- zation was also observed in LNYV, another plant rhabdovi-
lations in a fashion which is not chromosome linked and rus (Wetzel et al., 1994). The evolutionary relationship of
no route of horizontal transmission has been identified so sigma virus to other Rhabdoviridae was evaluated by esti-
far in natural conditions. Infection with high titer strains mating the level of amino acid sequence identity in the N
(selected either in cell cultures or by serial passages proteins. The sigma N sequence has almost no homology
in flies inoculated by injection) is generally deleterious with the fish rhabdoviruses IHNV and VSHV or with SYNV,
during embryogenesis and thus such strains cannot be but the presence of amino acid motifs common either to
maintained in flies via hereditary transmission. the N of VSV or to the N of rabies virus indicated that the
In VSV, prototype of the vesiculovirus subgroup, and in Drosophila sigma virus occupies an intermediate evolu-
rabies virus, the prototype of the lyssavirus subgroup, the tionary position between the vesiculo and the lyssavirus
genome encodes five proteins in the order 3* N-P-M-G-L subgroups (Bras et al., 1994).
5*. The L protein, in association with the P and N proteins, We report here the nucleotide sequence of the sigma
performs all the enzymatic functions necessary to the tran- virus genes 2 and 3 and our analyses thereof. A long ORF
scription and replication processes, M and G are required in gene 2 encodes the P protein as shown by sequence
for virion assembly and budding out of cells (reviewed in analysis and by serological assignment to the virion pro-
Banerjee, 1987). In the sigma virus genome, six genes tein of Mr 60 kDa. The putative product of gene 3 shows
were observed, four of which have been identified on the no significant homology with any protein sequence of
basis of sequence similarities of the ORF translation prod- negative strand RNA viruses (Mononegavirales (Pringle,
1991)). However, it contains motifs related to those found
in the reverse transcriptases of retroelements and retro-1 To whom reprint requests should be addressed. Fax: 33 1 69 82
43 86. E-mail: Teninges@Mercure.CGM.CNRS-GiF.FR viruses.
3000042-6822/95 $12.00
Copyright q 1995 by Academic Press, Inc.
All rights of reproduction in any form reserved.
/ m4171$7525 10-04-95 09:27:51 vira AP-Virology
301ENCODING BY RHABDOVIRUS SIGMA GENES 2 AND 3
MATERIALS AND METHODS (1:1000 to 1:5000 dilution). Immunodetection was per-
formed using the ECL Western blotting detection system
General
(Amersham). Exposure to hyperpaper (Amersham) was
performed for 5 to 15 sec.The procedures used for sigma virus (strain 234HRC)
propagation, maintenance, and for purification of virions
and nucleocapsids have been described elsewhere Computer-aided sequence analysis
(Teninges and Bras-Herreng, 1987).
Sequence analyses were performed using the
UWGCG software Version 7.0 (Devereux et al., 1984). WeCloning and sequencing strategy
also applied the programs BLAST (Altschul et al., 1990),
The cloning of cDNAs to sigma virus mRNAs in lGT10, N / ONE (Mephu Nguifo, 1993a,b; Mephu Nguifo and
subcloning in pEMBL 18, and physical mapping have Lande`s, manuscript in preparation), and a locally imple-
been previously described and the precise sites of tran- mented method to compute the significance of an align-
scription initiation determined (Teninges et al., 1993). ment between two short segments (Weber et al., 1982).
Both strands of the cDNAs corresponding to the second Short description of the program N / ONE. The pro-
and third genes were sequenced by the dideoxy termina- gram is an efficient tool for comparing a protein se-
tion chain method by using a T7 polymerase kit (Phar- quence with a multiple sequence alignment. The algo-
macia) and the supercoiled plasmid DNAs as template. rithm proceeds in two steps.
Construction of fusion proteins and production of (i) The learning step: Given a multiple alignment, a
polyclonal antibodies window of fixed length p (6 for example) slides along the
alignment. Using a symbolic learning procedure basedParts of the cDNAs of genes 2 and 3 were fused in
on the Galois lattice (Mephu Nguifo, 1994), N / ONEframe with the lacZ gene of the bacterial Pex expression
generates a set of regularities for each position i (i is thevector (Stanley and Luzio, 1984): a fragment from the 5*
position of the first residue of the window). Sequencesend of the cDNA of gene 2 to the BamHI site (nt 27 to
are previously transposed in a code derived from the432 in Fig. 1) encoding the 126 N-terminal amino acids
matrix pam 250 (Dayhoff et al., 1983).of the PP2 protein, and a fragment from the Bgl II site (nt
(ii) The decision step: This second step tries to align1550 in Fig. 1) to the 3* end of the cDNA of gene 3,
a new sequence, with the multiple alignment. A slidingencoding the 139 C-terminal amino acids of PP3. After
window of the same length p as in the first step slidestransformation of competent Escherichia coli (POP) cells,
along the new sequence. For each segment, N / ONEpositive clones were selected, and the fusion proteins
computes the percentage of satisfied regularities. Whenwere expressed in large quantity, purified, and used to
a segment at position j of the new sequence verifiesimmunize mice (BALB/c, CBA, or Swiss) as previously
more than 70% of regularities (justification threshold), itdescribed (Bras et al., 1994).
is considered similar to the multiple alignment at the
position j and N / ONE puts a symbol * of coordinatesImmunoblot analysis
(i, j ) on the graphic output. When the segment does not
Drosophila cells in culture (line 77OM3) were either verify any regularity, N / ONE puts a dot, otherwise an
mock-infected or infected with sigma virus, collected 48 hyphen. This graphic representation gives all the poten-
hr or 6 days after infection, washed in 10 mM Tris–HCl, tial alignments of the new sequence with the multiple
pH 7.6, 0.15 M NaCl, resuspended in water, added with alignment. Asterisks that form parts of diagonals show
antiproteases (CLAPA: 1 mg/ml each chymostatin, leu- zones of similarity. An example is given in Fig. 2.
peptin, antipain, pepstatin and 8 mg/ml aprotinin), ad-
justed to the sample buffer composition (60 mM Tris – Statistical evaluation of short-length similarity seg-
ments. Whenever a score of similarity between two se-HCl, pH 6.8, 1% SDS, 1.5% mercaptoethanol, 10% glyc-
erol, 0.12% of 1 mg/ml bromophenol blue), and boiled quences is computed, the problem of its significance is
raised. Usually, this score is compared to those calcu-for 5 min. The extracts were checked for equal relative
amounts of protein on a separate SDS–polyacrylamide lated from random sequences obtained by shuffling one
of the two initial sequences. The similarities observed ingel stained with Coomassie blue. Virions and viral nu-
cleocapsids were prepared as previously described this study are very short (about 10 residues); therefore,
random sequences cannot be obtained by shuffling one(Teninges and Bras-Herreng, 1987). Viral proteins were
separated by electrophoresis on SDS–polyacrylamide of the two motifs without introducing a strong bias due
to the local composition of the sequences. We have ap-gel and transferred electrophoretically onto nitrocellu-
lose membranes (BA-S85 from Schleicher and Schuell). plied the method of Weber et al. (1982), to evaluate the
significance of short similarities without gaps.The blots were treated as previously described (Bras et
al., 1994) to detect the viral protein recognized by the Given two sequences A and B, of length LA and LB ,
which share a similar motif of length m (m ! LA andantisera directed against each of the fusion proteins
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FIG. 1. Nucleotide sequence of cDNA corresponding to gene 2 and gene 3 and to the intergenic region. The sequence is shown in the mRNA
sense. The deduced amino acid sequences are given in capital letters for the two longest ORFs and in small letters for the alternative ORFs longer
than 63 nucleotides. The gene start and gene end sequences are boxed. m, potential phosphorylation sites. The restriction fragments of cDNA that
were fused in frame with the lacZ gene of the Pex expression bacterial vector are indicated by a line above the nucleotidic sequence.
m ! LB), the motif of the sequence A slides along the matrix) is computed. Then the mean score Sm and the
standard deviation s are deduced. S0 , the score ofsequence B. For each position i, a score Si (sum of the
aligned amino acid scores according to the Dayhoff the similar motif in sequence A and sequence B, is
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FIG. 1—Continued
one of the Si scores. Therefore the Z score is calcu- sigma virus genome is presented in Fig. 1, as well as
the intergenic region.lated as
Z  (S0 0 Sm)/s Analysis of the nucleotide sequence of gene 2
and the highest Si score is referred to as msc (maximum In frame /1, a long open reading frame (ORF) extends
score). The retained criteria of similarity are
to nt 993. The first ATG codon (nt 55–57) is in a favorable
translation initiation context as described by Kozak (1984)Z ⁄ 3 and/or S0  msc.
and Cavener (1987). The ORF has the capacity to encode
RESULTS AND DISCUSSION a protein of 313 amino acids with an expected MW of
35,208. The untranslated leader region of the mRNAThe complete sequence of the genes mapping in the
second and the third positions from the 3* end of the would be 54 nucleotides long. The TAG stop codon is
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33,790 and is designated PP3, for putative product of
gene 3. The initiator codon (nt 1073–1075) is not located
in a favorable context. The gene end sequence CATGAA-
AAAAA encompasses the stop codon TGA (nt 1967–
1969). Another ORF (nt 1374–1481) could encode a 36-
amino-acid long polypeptide but the ATG is not in a favor-
able context. A few apparently bicistronic mRNAs corre-
sponding to genes 2 and 3 have been observed (Ten-
inges et al., 1993). Therefore, the synthesis of proteins
initiated upstream of the gene 3 transcription start site
cannot be excluded. A 93-amino-acid long polypeptide
could be initiated at the ATG nt 1030–1032. The ATG (nt
1040–1042), which is in frame with the long ORF, could
lead to a protein extended by 11 amino acids at the NH2
terminus of PP3. Interestingly, the last mentioned two
ATGs are in a more favorable translational environment
than the initiator codon of the long ORF of monocistronic
transcripts.
Identification of the gene 2-deduced protein
In all the known rhabdovirus genomes, the transcrip-
tional neighbor downstream of the N gene encodes the
polymerase-associated P protein. P is the most variable
of all the Mononegavirales proteins. Therefore, using the
BESTFIT, DOTPLOT, or FASTA programs on a domestic
databank, it was not very surprising that we did not detect
any significant sequence similarity between PP2 or PP3
and the P proteins of the other Mononegavirales. How-
ever, the analysis of the sequence features permits us
FIG. 2. Part of the program N / ONE graphic output corresponding to infer that the P gene counterpart in sigma virus is
to the alignment of sigma PP3 (vertically) with the reverse tran- gene 2 rather than gene 3. PP2 is clearly acidic (pHiscriptases of LTR-retrotransposons (horizontally). Sequence references
4.49), like the P proteins of VSV New Jersey (pHi 4.36)are in Table 2. The multiple alignment was derived from Poch et al.
and Indiana (pHi 4.47), Chandipura (pHi 4.22), Piry (pHi(1989, 1990) and Xiong and Eickbush (1990). The polymerase motif B
according to Poch et al. (1989) is boxed. The N / ONE parameters 4.61), rabies virus (pHi 4.82), Mokola (pHi 4.60), ARV (pHi
are sliding window of six residues, justification threshold 70%. ∗, Per- 4.69), and BEFV (pHi 5.00). Moreover, the net charge dis-
centage of verified regularities higher than 70%. –, Percentage of veri- tribution of PP2 is typically that of the P proteins, i.e.,
fied regularities between 0 and 70%. r, No verified regularity. The arrow
highly acidic on the N-terminal region as shown in Fig.points to the asterisk of coordinates i, j resulting from the comparison
3. PP3 does not show such a distribution and is onlybetween the shaded segments at position j in PP3 and at position i in
the multiple alignment. The longest diagonals drawn represent the best slightly acidic (pHi 6.23).
alignment of sigma PP3 with the polymerase motif B. An antiserum raised against the b-gal hybrid protein
containing 126 amino acids of PP2 (from methionine 1
to isoleucine 126) was used for Western blot analysis
separated from the polyA tail by a sequence of 36 nucleo-
(Fig. 4). The antibodies reacted with a protein of Mr abouttides. Two other ORFs (nt 74–214 and nt 452–583) could
60 kDa in purified virions or infected cell extracts. Acidic
respectively encode 47- and 44-amino-acid long pep-
proteins have a reduced electrophoretic mobility due to
tides. The ATG (nt 452–454) is not in a favorable transla-
their poor binding to SDS, which may account for the
tion initiation context, but the ATG (nt 74–76) is. Thus,
discrepancy between the predicted MW (35,208) and the
the translation of a short polypeptide cannot be a priori
Mr observed here. This 60-kDa protein was resolved intoexcluded.
two species with very close Mr in gels of low polyacryl-
amide concentration (Fig. 4). The faster migrating formAnalysis of the nucleotide sequence of gene 3
was the most abundant in the infected cells, whereas
the two species were similarly abundant in the virions.The transcription of gene 3 is initiated in position 1046
(Teninges et al., 1993). The long ORF extending from These two features (discrepancy between MW and Mr
and migration as a doublet) have been also reported forposition 1073 to position 1966 has the capacity to encode
a protein of 298 amino acids with an expected MW of the P proteins of other rhabdoviruses. Another property
/ m4171$7525 10-04-95 09:27:51 vira AP-Virology
305ENCODING BY RHABDOVIRUS SIGMA GENES 2 AND 3
FIG. 3. Net charge distribution along the P proteins of Rhabdoviridae and along sigma virus PP2 and PP3. The sliding window has a length of
six residues. The charges are K, R /1, H /0.5, and D, E 01. The references of the P sequences are VSV-Ind (Vandepol and Holland, 1986), VSV-
NJ (Gill and Banerjee, 1985), Chandipura (Masters and Banerjee, 1987), Piry (Barik, 1992), rabies virus (Tordo et al., 1986), Mokola (Bourhy et al.,
1993), and BEFV and ARV (P. Walker, personal communication).
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(Promega) containing [35S]cysteine. The translation prod-
uct migrated as a doublet in SDS–polyacrylamide gels
with a Mr of 33 kDa in agreement with the expected MW
(data not shown). None of the antisera reacted with this
product. To get further insight into the possible origin and
function of this gene, three questions were addressed by
computer-aided protein sequence analyses:
(i) Could the sigma gene 3 result from a duplication of
some region of the sigma virus genome? The sequence
shown in Fig. 1 fills the gap between the previously re-
ported sequences of the nucleocapsid, matrix, and glyco-FIG. 4. Analysis of the sigma virus proteins. (A) Proteins extracted
from sigma virions (V) and from nucleocapsids (Nc) separated on a protein genes of sigma virus and their junctions. The 5*
10% SDS–polyacrylamide gel and stained in Coomassie brilliant blue end sequence of the polymerase gene has also been
(Cb). (B) Western blot analysis of the sigma virus proteins present in determined. No similarity between the nucleotide se-
purified virions, in nucleocapsids and in Drosophila cells. The extracts
quence of gene 3 and the rest of the sigma virus se-from Drosophila cells either mock-infected (m) or collected 48 hr after
quence determined so far could be found (neverthelessinfection (i). Equal amounts of proteins were loaded on SDS–polyacryl-
amide gels (12.5%, B; 8%, C; bisacrylamide 1/30). Purified virions and the largest part of the polymerase is still unknown). Since
nucleocapsids were run in parallel. A part of the 12% gel was stained the polymerases are the most conserved among all the
with Coomassie blue (Cb); the rest was electroblotted on a nitrocellu- structural proteins of Mononegavirales (a mean of 34%
lose membrane and probed with antisera raised against b-gal fusion
of strict conservation in the Rhabdoviridae family ac-proteins derived from the N, 2, 3, and M sigma virus genes. Only the
cording to Tordo et al., 1992), PP3 was compared with theanti-N, anti-2, and anti-M antibodies revealed virus-specific products
(curiously anti-M did not react with viral products in cell extracts). available L protein sequences of the other Rhabdoviridae
(rabies virus, SYNV, VSV New Jersey, and Indiana). No
similarity could be detected by the classical methods of
of the P proteins is their various phosphorylated state in the UWGCG package. Therefore, the sigma gene 3 is
virions and in infected cells. The sequence of the sigma probably not the result of a gene duplication within sigma
PP2 contains nine potential phosphorylation sites (Fig. 1). virus genome, as was observed for the ‘‘additional’’ genes
Phosphorylation of the viral proteins has been previously found in BEFV and ARV (Wang et al., 1994).
investigated on another sigma virus strain. However, no (ii) Does PP3 show any similarity either to the sc4
phosphorylated protein was detected (Richard-Molard et protein of SYNV, which is encoded by a gene also located
al., 1984). The motif G-I-E-L-K-G-K-S observed in position between the P and M genes, or to the numerous proteins
241 is a typical ATP/GTP binding site (also refered to as found in the other Mononegavirales families and could
the P-loop motif). A PEST sequence with a high score of it be a remnant gene from a common ancestor to the
14.1 is observed between amino acids 208 and 232. Such Rhabdoviridae family and the other two Mononegavirales
sequences are frequently met in proteins with short half families? To evaluate this possibility we calculated the
lives (Rogers et al., 1986). distances between all the protein sequences from Mono-
negavirales, known so far, by several methods: one de-
Properties of PP3 rived from multiple dotplots, DOCMA (Lande`s et al.,
1993), one derived from RDF2, and one derived from ZGene 3 could encode a protein of 298 amino acids
scores calculated by BESTFIT (Lande`s et al., 1992). Wewith a MW of 33,790. Two minor bands of Mr 37 and 40
then automatically classified proteins by dynamic cluster-kDa could be seen on SDS gels heavily loaded with
ing (Delorme and He´naut, 1988). In the resulting dendo-samples of freshly purified virions (Fig. 4). The Mr of the
grams, PP3 appeared as unclassifiable (data not shown).lowest band could be consistent with the MW of PP3.
This negative result does not validate the hypothesis ofMice of diverse genotypes were immunized against the
sigma gene 3 being a remnant gene from an ancestorb-gal hybrid protein containing the 139 C-terminal amino
common to the Mononegavirales families.acids of PP3, a region of the protein with a high antigenic
(iii) Is PP3 homologous to any other sequence of theindex according to Jameson and Wolf (1988). None of the
databanks? We scanned a nonredundant databank con-antisera reacted specifically with a viral product either
structed from PDB, SwissProt, PIR, GenPept (translationin the purified virions or in the infected cells, unlike the
of GenBank), and their updates. Among the 500 mostantisera directed against the N, P, or M proteins. This
similar sequences, the program FASTA (with the parame-led us to challenge the anti-PP3 antisera against the
ters ktup 2 and sorting sequences according to scoresproduct of in vitro translation of gene 3. A plasmid con-
initn) listed 64 polymerases (22 of the 100 first se-taining the full-length sigma gene 3 downstream of the
quences). It is noteworthy that in all the cases the scoreT7 promoter of pSP6T7/19 was constructed and intro-
duced in the TNT coupled reticulocyte lysate system after basic alignment (score initn) was higher than the
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TABLE 1
Validation of the Putative Sigma PP3 Motifs A, B and C
Sigma Sigma
Motif A Motif B Motif C Motif A Motif B Motif C
Z msc Z msc Z msc Z msc Z msc Z msc
Retroviruses
AKVMLV 3.72 0 2.58 0 5.54 /
MoMLV 3.46 0 2.57 0 5.05 /
CAEV 3.88 / 0.50 0 3.52 /
Visna 4.25 / 0.63 0 3.61 0
HIV2 3.62 0 1.63 0 6.56 /
HIV1 3.29 0 1.67 0 4.55 /
EIAV 6.33 / 1.73 0 4.85 /
SMPV 2.65 0 0.70 0 6.82 /
MMTV 3.58 / 0.41 0 6.37 /
IAPH18 2.85 0 0.84 0 6.87 /
HERVK 3.15 0 1.18 0 5.66 /
RSV 3.30 / 0.69 0 6.49 /
ATLV 5.66 / 2.70 0 5.97 /
HTLV2 5.89 / 2.45 0 6.16 /
BLV 4.80 / 2.51 0 5.11 /
LTR retrotransposons
1731 2.33 0 3.87 / 3.98 /
Copia 2.06 0 3.58 / 4.18 /
TY912 1.89 0 2.69 0 2.51 0
17-6 5.08 / 2.49 0 3.72 0
297 4.94 / 2.59 0 3.67 0
Gypsy 2.92 0 3.50 / 3.13 0
412 2.50 0 2.74 0 4.37 /
DIRS 2.74 0 4.03 / 5.10 /
Micro 3.01 0 3.84 g 5.41 /
TY3 2.84 0 2.95 0 4.11 /
CERV 1.50 0 3.37 / 3.52 /
FMV 2.04 0 3.50 / 3.37 /
CaMV 1.90 0 2.88 / 3.46 /
Ta1 2.56 0 3.96 / 4.56 /
Non-LTR retrotransposons
Int31 1.47 0 1.30 0 5.13 /
Int32 2.57 0 0.76 0 4.35 /
Intsp 2.39 0 0.23 0 3.37 /
L1Hu 1.86 0 1.02 0 2.34 0
L1s1 1.36 0 0.53 0 2.28 0
R1Bm 1.36 0 0.61 0 3.80 0
R1Dm 1.86 0 0.26 0 3.19 0
R2Dm 3.01 0 0.57 0 2.63 0
Jockey 1.51 0 0.50 0 2.20 0
CRE1 1.96 0 0.75 0 3.84 /
SLACS 1.64 0 1.95 0 4.03 /
Tx1 1.24 0 1.08 0 3.07 0
Ifac 2.98 0 1.14 0 2.42 0
Ffac 1.70 0 0.71 0 1.85 0
Cin4 1.65 0 0.88 0 1.34 0
Mononegavirales
VSV-Ind 0.68 0 0.87 g 1.04 0
VSV-NJ 0.50 0 0.64 g 1.04 0
Rabies 0.27 0 0.67 g 0.79 0
SYNV 1.44 0 0.29 g 0.85 0
PIV3 1.68 0 0.28 g 0.60 0
Sendai 1.70 0 0.05 g 0.66 0
Measles 2.06 0 0.12 g 0.74 0
PIV2 2.55 0 1.25 g 0.73 0
SV5 2.07 0 1.28 g 0.74 0
NDV 1.85 0 0.74 g 0.60 0
Marburg 2.06 0 0.39 g 0.65 0
HRSV 3.30 0 0.21 g 0.54 0
Note. Each PP3 motif has been tested against amino acid sequences of polymerases of retroviruses, LTR retrotransposons, non-LTR retrotranspo-
sons, and RNA-dependent RNA polymerases of Mononegavirales. The sequence references are in Table 2. For each motif: (i) Z scores higher than
3 are bold; (ii) under msc column / or 0 indicates whether or not the S0 score is the maximum score (cf. Materials and Methods). g, a gap in the
polymerase motif renders impossible the determination of the score.
score after optimal alignment (score opt.). The score de- have a biological meaning since they occurred in regions
creased when attempts were made to extend the align- functionally important for the polymerases (Delarue et
ment, suggesting that the similarity was short. BLAST is al., 1990). Therefore, we attempted to align PP3 with the
the databank search program the most adapted to pick RNA-dependent DNA polymerases to detect other fuzzy
out short segments of similarity. Running with the param- consensus segments.
eters matrix pam120 and expectation cutoff of 10, BLAST
We divided a set of reverse transcriptases aligned byfound two segments of similarity between PP3 and four
Poch et al. (1989) or Xiong and Eickbush (1990) into threereverse transcriptases: two from human T-cell lympho-
sub-groups: 15 reverse transcriptases from retroviruses,tropic virus type 2, one from human T-cell leukemia virus
15 from retrotransposons without long terminal repeats,type 2, and one from simian immunodeficiency virus. The
and 14 from retrotransposons with long terminal repeats.two segments were motifs conserved in all polymerases,
Using the program N / ONE we selected all the PP3defined as motifs A and C by Poch et al. (1989) and as
segment candidates for each reverse transcriptase motifmotifs 3 and 5 by Xiong and Eickbush (1990). Although
the similarities found by BLAST were weak, they could A to E (according to Poch et al., 1989), regardless of their
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FIG. 5. Alignment of the putative polymerase motifs of sigma PP3 with the A, B, and C motifs of some polymerases. Each transposon or virus
subgroup is represented by 3 or 4 polymerase sequences: EIAV, ATLV, and HTLV2 are retroviruses; DIRS, TY912, 17-6, and Ta1 are LTR-retrotranspo-
sons; Int31, R2Dm, and SLACS are non-LTR retrotransposons; VSV-Ind, rabies, and HRSV are Mononegavirales. The sequence references are in
Table 2. Italic numbers correspond to the first amino acid residue of motif A and to the last residue of motif C. The length of the intervening peptides
are indicated between the motifs. Almost invariant and conserved amino acids identified by Poch et al. (1990) are indicated on the upper line. The
invariant ones are in bold characters; h represents conserved hydrophobic residues. Amino acids residues similar to those of the sigma virus
sequence are shaded. Conservative grouping according to Lande`s and Risler (1994) was S, A, T; F, Y; I, L, M, V; D, E, N; K, Q, R.
order in the PP3 sequence and we used the two criteria Gene 3 is abundantly transcribed and we think it is
probably expressed as a protein product, since such adefined under Materials and Methods to estimate the
validity of our choice (Table 1). The best PP3 candidates long ORF would not otherwise be conserved. However,
we were not able to detect it immunologically.for motifs A and C were the same as those found by
BLAST (except with the non-LTR retrotransposons for The similarity of PP3 with reverse transcriptases of
retroviruses and retrotransposons raises interestingwhich the motif A was different). The segment selected
for the motif B appears clearly similar only to the motif questions about the function and evolutionary origin of
this gene.B of LTR retrotransposon polymerases. This similarity is
not negligible since each of the two criteria was satisfied The rhabdovirus world can be divided in two classes:
the viruses with more than five genes and those with fivein 8 of 14 sequences. No candidate could be selected
for the motifs D and E because the segments were too genes, the minimum required for autonomous function.
short, too numerous, overlapping other motifs, or different Shorter genomic structures appear very frequently but
according to which subset of reverse transcriptases was correspond to defective interfering particles (DIs). The
taken into account. This difficulty in selecting candidates analysis of numerous sequence rearrangements in VSV
for motif D or E, as well as the position of the motif C at DIs suggested that during the replication step, the poly-
the very end of the C-terminus of PP3, led us to postulate merase could prematurely terminate and move with the
that motifs D and E are missing in this sequence. Table nascent RNA strand to another template site, located
1 also shows the scores obtained with 12 polymerases either on the same or on another strand. Although some
of Mononegavirales. The scores are not significant. sites seemed more favorable, no strict specificity for par-
The alignment of the three putative polymerase motifs ticular relocation sites could be observed (Lazzarini et
A, B, and C found in PP3 with some sequences of each al., 1981; Meier et al., 1984; O’Hara et al., 1984). Such a
reverse transcriptase subgroups and with some polymer- copy choice mechanism could also occasionally produce
ases from Mononegavirales is shown in Fig. 5. This multi- some fully autonomous viruses with extra genes. In BEFV
ple alignment as well as the results in Table 1 show that and ARV, additional genes show homologies with other
PP3 sequence is closer to RNA-dependent DNA polymer- parts of the viral genome and their origin as a gene
ases than to RNA-dependent RNA polymerases of Mono- duplication produced by the relocation of the polymerase
negavirales. on upstream template sites was proposed (Walker et al.,
1992; Wang and Walker, 1993). In these examples a copy
CONCLUSIONS choice would involve homologous RNA strands. In sigma
virus, as in SYNV, the additional genes do not showSigma virus gene 2 encodes a virion protein which
similarities with other part of the viral genome but ratheris clearly the counterpart of the polymerase-associated
with retroviral sequences, a polymerase in sigma virusprotein in other rhabdoviruses and will henceforth be
designated sigma virus P protein. and a protease in SYNV (Scholthof et al., 1994). With
/ m4171$7525 10-04-95 09:27:51 vira AP-Virology
309ENCODING BY RHABDOVIRUS SIGMA GENES 2 AND 3
TABLE 2
List of the Viruses or Retrotransposons and Original References of Their Polymerase Sequences
Virus or element name Abbreviations Accession Original references
AKV murine leukemia virus AKVMLV P03356 (c) Herr (1984)
Moloney murine leukemia virus MoMLV P03355 (c) Shinnick et al. (1981)
Caprine arthritis encephalitis virus CAEV P33459 (c) Chiu et al. (1985)
Visna lentivirus Visna P03370 (c) Sonigo et al. (1985)
Human immunodeficiency virus type 2 HIV2 P04584 (c) Guyader et al. (1987)
Human immunodeficiency virus type 1 HIV1 P03367 (c) Wain-Hobson et al. (1985)
Equine infectious anemia virus EIAV P03371 (c) Stephens et al. (1986)
Simian Mason–Pfizer virus SMPV P07572 (c) Sonigo et al. (1986)
Mouse mammary tumor virus MMTV P03365 (c) Moore et al. (1987)
Hamster intracisternal A-particle IAPH18 P04026 (c) Ono et al. (1985)
Human endogeneous retrovirus K HERVK P10266 (c) Ono et al. (1986)
Rous sarcoma virus RSV P03354 (c) Schwartz et al. (1983)
Human T-cell leukemia virus type I ATLV P03362 (c) Seiki et al. (1983)
Human T-cell leukemia virus type 2 HTLV2 P03363 (c) Shimotohno et al. (1985)
Bovine leukemia virus BLV P03361 (c) Sagata et al. (1985)
Vesicular stomatitis Indiana virus VSV-Ind P03523 (c) Schubert et al. (1984)
Vesicular stomatitis New Jersey virus VSV-NJ P13615 (c) Feldhaus and Lesnaw (1988)
Rabies virus Rabies P11213 (c) Tordo et al. (1988)
Sonchus yellow net virus SYNV P31332 (c) Choi et al. (1992)
Parainfluenza virus type 3 PIV3 P12577 (c) Galinski et al. (1988)
Sendai virus Sendai P06447 (c) Shioda et al. (1986)
Measles virus Measles P12576 (c) Blumberg et al. (1988)
Parainfluenza virus type 2 PIV2 P26676 (c) Kawano et al. (1991)
Simian virus 5 SV5 M81721 (a) Parks et al. (1992)
Newcastle disease virus NDV P11205 (c) Yusoff et al. (1987)
Marburg virus Marburg P31352 (c) Muehlberger et al. (1992)
Human respiratory syncytial virus HRSV P28887 (c) Stec et al. (1991)
Drosophila transposon 1731 1731 S00954 (b) Fourcade-Peronnet et al. (1988)
Drosophila transposon copia Copia X02599 (a) Emori et al. (1985)
Yeast transposon Ty912 TY912 B22671 (b) Clare and Farabaugh (1985)
Drosophila transposon 17.6 17-6 P04323 (c) Saigo et al. (1984)
Drosophila transposon 297 297 P20825 (c) Inouye et al. (1986)
Drosophila transposon gypsy Gypsy P10401 (c) Marlor et al. (1986)
Drosophila transposon 412 412 P10394 (c) Yuki et al. (1986)
Slime mold transposon DIRS-1 DIRS C24785 (b) Cappello et al. (1985)
Drosophila transposon microcopia Micro S02021 (b) Lankenau et al. (1988)
Yeast transposon Ty3-2 TY3 M23367 (a) Hansen et al. (1988)
Carnation etched ring virus CERV P05400 (c) Hull et al. (1986)
Figwort mosaic virus FMV P09523 (c) Richins et al. (1987)
Cauliflower mosaic virus CaMV P03554 (c) Franck et al. (1980)
Arabidopsis thaliana transposon Tal-1 Tal S23312 (b) Konieczny et al. (1991)
Drosophila class II intron (mtDNA) Int31 P03875 (c) Bonitz et al. (1980)
Drosophila class II intron (mtDNA) Int32 P03876 (c) Bonitz et al. (1980)
Drosophila class I intron (mtDNA) Intsp P05511 (c) Lang et al. (1985)
Human line-1 element L1Hu P08547 (c) Hattori et al. (1986)
Simian line-1 element L1Si P08548 (c) Hattori et al. (1986)
Silkworm insertion element R1Bm R1Bm B27672 (b) Xiong and Eickbush (1988)
Drosophila type I element R1Dm R1Dm P16425 (c) Jakubczak et al. (1990)
Drosophila type 2 element R2Dm R2Dm P16423 (c) Jakubczak et al. (1990)
Drosophila jockey element Jockey P21328 (c) Priimaegi et al. (1988)
Crithidia fasiculata transposon CRE1 CRE1 A34728 (b) Gabriel et al. (1990)
Trypanosoma brucei element SLACS SLACS P15594 (c) Aksoy et al. (1990)
Xenopus laevis transposon Tx1 Tx1 P14381 (c) Garrett et al. (1989)
Drosophila I-factor Ifac B26330 (b) Fawcett et al. (1986)
Drosophila F-factor Ffac A32713 (b) Di Nocera and Casari (1987)
Maize Cin4 element Cin4 Y00086 (a) Schwarz-Sommer et al. (1987)
Note. Accession numbers from EMBL (a) or PIR (b) or SWISSPROT (c).
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ture and nucleotide sequence of the gene coding for subunit 1 ofthe copy choice mechanism, this implies interspecific
yeast cytochrome oxidase. J. Biol. Chem. 255, 11927–11941.relocations of a polymerase, which would jump first to a
Bourhy, H., Kissi, B., and Tordo, N. (1993). Molecular diversity of the
heterologous template, and then back on an homologous Lyssavirus genus. Virology 194, 70–81.
one, either upstream or at the polymerase jump site. Of Boyd, K. R., and Whitaker-Dowling, P. (1988). Flanders virus replication
and protein synthesis. Virology 163, 349–358.course, alternative enzymatic models using the panels
Bras, F., Teninges, D., and Deze´le´e, S. (1994). Sequences of the Nof cellular enzymes with potential chimera-forming activi-
and M genes of the sigma virus of Drosophila and evolutionaryties, like RNA ligases, can also be proposed.
comparison. Virology 200, 189–199.
Drosophila flies, the sigma virus ecological niche, con- Brun, G., and Plus, N. (1980). The viruses of Drosophila. In ‘‘The Genetics
tain many retrotransposons one of which (Gypsy) ap- and Biology of Drosophila’’ (M. Ashburner and T. R. F. Wright, Eds.),
Vol 2d, pp. 625–702. Academic Press, New York.pears to be a fully functional retrovirus (Kim et al., 1994).
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